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Abstract 
Surface acoustic waves in two-dimensional phononic crystals consisting of a square array of shallow, two 
to three micron deep cylindrical void inclusions are studied computationally via the finite element 
method. For the [110] propagation direction on a (001) GaAs half-space, the conventional Rayleigh wave 
modes, the layered substrate-associated Sezawa and Lamb modes, the high frequency longitudinal 
surface waves and bulk waves exhibit hybridization and modal interaction. The longitudinal, vertical 
shear and horizontal shear bulk wave dispersions are observed to be significant thresholds for surface 
acoustic waves on a shallow phononic crystal.  This results in dramatic changes in the attenuation and 
surface boundedness properties that enable supersonic modes with diminished attenuation in 
otherwise largely bulk wave-radiative dispersion branch continua of modes.  
Introduction 
Phononic crystal (PnC) structures for controlling surface acoustic wave (SAW) propagation have been 
studied as an alternative to traditional metal gratings for applications requiring SAW guiding, reflecting 
and electronic device integration [1]. One significant design challenge of PnCs for SAW devices is the 
bulk mode conversion losses from leaky SAWs [2]. Brillouin zone folding, due to an inhomogeneous 
substrate periodicity, can induce even a subsonic SAW into Pseudo-SAW/Leaky-SAW (PSAW) behavior, 
which radiates bulk wave energy; such processes are referred to as Brekhovskikh attenuation [3]. 
Pseudo-Rayleigh wave propagation along directions neighboring the [110]-direction of a semi-infinite 
(001) GaAs homogeneous substrate are intrinsically radiative resulting from a phase velocity that is 
greater than the slowest bulk wave and a coupling to bulk quasi-shear waves with horizontal 
polarization [4]. However, Rayleigh waves travelling exactly along the [110] crystal direction are ordinary 
SAWs rather than PSAWs [5] with no bulk wave coupling necessary [4] to satisfy both the equation of 
motion for the anisotropic medium and the traction-free boundary conditions due to the semi-infinite 
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substrate [6]. For cubic crystals such as GaAs (001), bulk waves exactly along [110] behave as pure 
modes: longitudinal, shear vertical and shear horizontal [7] and hence couple/interact with SAWs in a 
simpler manner where bulk motions are either entirely sagittal or out-of-plane. Such bulk mode 
conversion loss does not decrease per inclusion with larger inclusion arrays but rather converges to 
some finite loss amount per inclusion [8]. Thus, for large array PnC structures, such bulk radiative losses 
usually scale linearly with array size and must be accounted into the design of practical devices including 
guided SAW devices that may require long propagation lengths. 
Early works attempted to understand experimental results by calculating the attenuation properties of 
certain surface gratings on an isotropic material in the Brillouin zone below and above the two bulk 
dispersion lines [9], [10]. One approach minimized bulk wave conversion of SAWs on GaAs by optimizing 
a grating (i.e. one-dimensional PnC) orientation with respect to Rayleigh waves along [110] on (001) 
GaAs for an oblique SAW reflector [11] while in another study, a one-dimensional grating composed of 
aluminum on a glass substrate achieved SAW hybridization with longitudinal bulk waves with a resulting 
bandgap [12]. A thin film with periodic modulation of elastic properties was also shown to achieve 
Rayleigh and Sezawa wave mode hybridization, where negligible bulk wave conversion was possible for 
a localized mode in an otherwise radiative SAW mode branch within the supersonic region of the 
bandstructure [13]. In addition to the small zone boundary bandgap, such a hybridization of SAW modes 
facilitates the emergence of modes with vanishing attenuation and a large bandgap that is not located at 
a zone boundary due to the folded retrograde Rayleigh wave and unfolded prograde Sezawa wave 
superposition (or vice versa) forming approximate standing waves [3], [14]. Such modes on an elastic 
layered structure with low attenuation can be termed “embedded or bound states in the radiation 
continuum” (BICs) [15] or an “isolated true surface wave” (ITSW) [16]. These hybridization-based gaps, 
in addition to Bragg gaps and scatterer resonant gaps, constitute one of three types of band gaps [17]. 
Adding another component to the complexity of the model, the transmission in an anisotropic substrate 
has subsequently been studied via the finite element method (FEM) for bulk to SAW conversion [18] and 
vice versa [19] in a finite PnC, and further theoretical studies include a one-dimensional PnC/grating via 
eigenfrequency and transmission spectra that showed various SAW modes [20]. 
Prior to modern PnCs, there was experimental study of SAW devices with void-based grating reflectors, 
first by one-dimensional grooves [21], and eventually by two-dimensional arrays on a substrate that 
showed grating-like behavior [22]. The research study in [22] considered the two-dimensional array 
consisting of a thick metallic overlay as periodic only along the SAW propagation direction, with irregular 
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spacing laterally, in order to suppress coherent scattering effects. Theoretical work has also focused on 
the scattering by “dots” (inclusions) [23]. Further information of these prior developments are found in 
[24]. Following the successes in photonic crystals, early work describing a modern PnC, consisting of a 
square lattice SAW with infinitely deep cylindrical AlAs inclusions that are arranged in a periodic, two-
dimensional square lattice and embedded in GaAs, demonstrated bandgap formation for SAWs and 
PSAWs [25]. It was later determined a SAW bandgap can also occur for shallow cylindrical inclusions 
[26]. In these previous two studies, the acoustic impedance mismatch was low resulting in lesser effects 
on the band structure. SAW attenuation at bandgap frequencies in deep cylindrical air inclusion PnCs 
was studied for an isotropic substrate via experimental transmission spectra and compared to calculated 
band structures [27]. A two-dimensional shallow cylindrical void inclusion PnC for intrinsically subsonic 
SAWs was later studied via eigenfrequency and frequency domain FEM, which showed more prominent 
influences from the PnC on transmission. The wavevectors were considered in the complex domain at 
the zone boundary, and the interior substrate boundary condition was the Dirichlet type with zero 
displacement [28] and also with a shallow PnC layer composed of separate material with voids [29]. 
Experimental and simulation of wet-etched non-cylindrical shallow void inclusion, square lattice PnCs 
were also studied [30], [31].  
For modelling acoustic excitations in a semi-infinite domain, identifying and characterizing SAW modes 
from bulk-like acoustic modes must be considered, and it has been addressed by various similar 
methods in gratings and PnC systems where modes of both types exist [14], [32], [33], [34], [20], [35]. 
For identifying and characterizing SAW modes, the surface boundedness and attenuation will be 
studied. We will characterize the surface boundedness of SAW modes by the dimensionless strain 
energy ratio 𝐸surface/𝐸domain of the integrated strain energy contained in the surface half of the 
computational domain, 𝐸surface, to the integrated whole computational domain, 𝐸domain. Thus, the 
strain energy ratio is a parameter characterizing the strain energy distribution and can vary from 0 to 1, 
where 0 indicates no strain energy is contained in the surface half, 1 indicates all strain energy is in the 
surface half, and a uniform distribution of energy is characterized by 0.5. In this paper, the 
dimensionless strain energy ratio criterion 𝐸surface/𝐸domain will be greater than 0.6 in the band 
structure diagrams for enhanced contrast and for clearer understanding of SAW properties in the PnCs. 
For comparison, the ratio of the imaginary and real components of mode frequency, Im(𝜔) Re(𝜔)⁄  will 
also be used to define the SAW attenuation as in [14]. 
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In addition to the aforementioned strain energy ratio to characterize SAW boundedness, an additional 
ratio characterizing the sagittal behavior of the modes is utilized. Since Love waves and other 
horizontally polarized displacement modes are physically possible in addition to the sagittally polarized 
Rayleigh and Sezawa modes [36], it is necessary to discern the polarization of modes. On a semi-infinite 
GaAs (001) substrate, the Rayleigh wave along [110], the x-direction, has displacement components [37] 
such that ux = fx(x,z) ≠ 0, uz = fz(x,z) ≠ 0 and uy = 0 where z is along [001] and y is along [11̅0]. For this 
present study, a dimensionless ratio parameter is utilized, the sagittal displacement polarization ratio of 
a mode, r, defined as, 
𝑟 =  
∫(𝑢𝑥
∗𝑢𝑥 + 𝑢𝑧
∗𝑢𝑧)d𝑉
∫(𝑢𝑥∗𝑢𝑥 + 𝑢𝑦∗𝑢𝑦 + 𝑢𝑧∗𝑢𝑧)d𝑉
 
where ux, uy and uz are displacement vector u components, and dV is a differential volume element to 
the integral that is over the whole computational domain. This parameter is analogous to the ratio of 
transverse polarization introduced for the selection of Love modes found in [35]. The integrand terms 
ui*ujδij are squared displacement component magnitudes for selection favoring SAWs with 
concentrated, relatively large displacements, which is expected at the surface for SAWs. A ratio of 0 
indicates the displacement vector is normal to the sagittal plane and a ratio of 1 indicates the 
displacement vector is entirely in the sagittal plane. For this work, the r minimal threshold will be set at 
0.6 for consideration in the results for the selection of modes with significantly sagittal behavior. 
The mechanical behavior of substrates with thin films is also important to understanding the nature of 
SAWs present as the shallow-holes of the PnC can be viewed as a structured metamaterial-like layer on 
top of a semi-infinite substrate. SAW propagation behaviors have been categorized for flat, isotropic, 
homogeneous, uniform thin films on semi-infinite isotropic substrates based on the bulk shear phase 
velocity difference ∆𝑣 = 𝑣𝑡ℎ𝑖𝑛 𝑓𝑖𝑙𝑚 − 𝑣𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 of the thin film and substrate [38] [39]. A Sezawa or 
Lamb wave can propagate for ∆𝑣 < 0 and a Stoneley wave can propagate for ∆𝑣 ≅ 0 [39]. Although 
such wave propagation categories exist for layered isotropic materials, the more intricate behavior of 
SAW propagation for anisotropic layered materials is less clear, where a natural anisotropy is due to 
crystal structure and an artificial anisotropy is due to PnC/gratings on the surface. 
In this current study, a PnC composed of a GaAs matrix with cylindrical void inclusions, and hence a high 
impedance mismatch, is explored for its propagation and attenuation properties via eigenfrequency 
analysis. The FEM is used to model and simulate the shallow cylindrical inclusions forming the PnC. FEM 
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is suitable for studying SAWs in periodic structures and subsequent attenuation properties [40]. We also 
restrict the attention to certain SAWs with predominantly xz sagittal plane motion, where x and z are 
along [110] and [001] crystal directions of a (001) half space in this case. As such, the sagittal planes 
refer to those parallel to the surface normal and to Γ-X direction of the PnC. The Γ-X and Γ-M directions 
of the square PnC lattice are parallel with the GaAs [110] and GaAs [100] directions, respectively. The 
PnC plane is located at the GaAs-vacuum surface interface with a finite, uniform thickness. The PnC 
plane normal vector is parallel with the GaAs (001) plane vector normal to the surface. The depths of the 
inclusions to be discussed include 2, 2.5 and 3 μm; hence, all three thicknesses can be conceptualized as 
a surface array [24] (i.e. grating) in a computational domain thickness or depth of 50 µm. The deeply 
penetrating nature of bulk waves is sensitive to the finite domain depth that is utilized.  Therefore, some 
parameters that are sensitive to the boundary of the computational domain (such as the imaginary 
frequencies) may have deviations in the quoted values resulting from the finiteness of the model. 
Simulation  
FEM modelling and computations were performed in COMSOL Multiphysics [41], which has also been 
used to study SAWs on shallow hole PnCs [28]. An eigenfrequency study was performed on a three-
dimensional linear elastic anisotropic domain for real frequencies up to 500 MHz. A homogeneous half-
space of (001)-cut GaAs was truncated in the model to a 50 μm deep computational domain. The 
cylindrical inclusions had a surface filling fraction of 0.564 as in [25] and uniform array depths of 2, 2.5 
or 3 μm. Additionally, a substrate without any PnC structure was also simulated as a control. The PnC 
lattice parameter was 4 μm for a square lattice with Γ-X oriented along [110] of (001) GaAs. Meshing of 
the 2 μm deep inclusion PnC computational domain included 14448 tetrahedral elements. The GaAs 
elastic stiffness constants and density are values used previously by Tanaka and Tamura [25]. The 
surface boundary that included the cylindrical inclusion surface was specified as a free boundary 
condition; hence, it was tractionless for the GaAs-void interface. The side boundary conditions of the 
unit cells were specified as Bloch-Floquet for a set of reduced wavevectors q (= k/kX) ranging from 0.5 to 
1 with a step size of 0.002, where k is the wavevector magnitude in the Γ-X direction and kX is the 
wavevector magnitude at the X point. A previous study used a fixed boundary at the lower truncated 
interface of the domain to model phononic crystals for SAWs [42]; however, we implement an absorbing 
boundary condition (ABC) at the truncated domain limit in the substrate as a dissipation mechanism into 
the bulk substrate for bulk waves in order to determine the non-zero imaginary frequency component of 
the eigenmodes. With the real and imaginary parts of frequency from such damping, the attenuation 
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characterizing the SAW attenuation could then be determined. A similar ABC was also selected in a 
previous study of SAW losses to bulk waves in interdigitated transducers/ metal electrode gratings on 
lithium tantalite [43]. The plotted longitudinal, vertical shear and horizontal shear bulk dispersions are 
based on the same stiffness and density from the simulation, and using the bulk wave slowness 
formulae in Auld [7]. 
Results and Discussion 
Figure 1 (a-f) shows the bandstructures in the ΓX-direction of a square phononic crystal with the ΓX-
direction oriented along the [110]-direction of (001)-cut GaAs for 2 µm (subplots a & b), 2.5 µm 
(subplots c & d) and 3 µm (subplots e & f) deep inclusions; the color-coded markers display: (subplots a, 
c, e) logarithm of reciprocal attenuation, and (subplots b, d, f) the strain energy ratio 𝐸surface/𝐸domain. 
The attenuation defined as Im(𝜔) Re(𝜔)⁄  [14] is exhibited as a logarithmic reciprocal attenuation scale 
and hence, it is −log10(Im(𝜔) Re(𝜔)⁄ ) so that the correspondence with the strain energy ratio is 
clearer. In each plot, the reduced wavevector is 𝑞 (=
𝑘
𝑘𝑋
), where 𝑘 is the wavevector, 𝑘𝑋 (=
𝜋
𝑎
) is the 
Brillouin zone X point wavevector with 𝑎 as the PnC lattice parameter equaling 4 µm. The uncertainty in 
the real frequency in the simulations with respect to the simulation model is estimated at order of 0.01 
MHz since the substrate-only simulation with two degenerate solutions at the zone boundary simulated 
as 356.09 and 356.11 MHz, a difference indicative of the FEM approximation and meshing. The lowest 
frequency Rayleigh dispersion branch has a perturbed dispersion behavior with lower phase velocity 
compared to an ordinary one on a semi-infinite homogeneous substrate, as is expected for a substrate 
with a slow surface layer [39]. At a reduced wavevector of 1, the zone boundary, this lowest branch has 
a frequency of 315.55 MHz for 2 µm deep inclusions, compared to the unperturbed case at a frequency 
of 356.10 MHz based on the separate control simulation of a substrate without a PnC. With the deeper 
inclusions, the Rayleigh wave unfolded band is progressively lowered in frequency to the extent that, for 
reduced wavevectors near or at the zone boundary, the Rayleigh wave is below all three bulk wave 
dispersion lines and, thus, is in fact a subsonic perturbed Rayleigh wave in that interval. 
A finer scale of the two parameters characterizing the attenuation and surface boundedness of the 
modes for the unfolded Rayleigh mode (1st branch) are shown in Figure 2 (a & b). At the zone boundary 
(q = 1), the Rayleigh wave attenuation is greatest for 2 µm deep inclusions, and progressively lessens 
with 2.5 and 3 µm deep inclusions. The 3 µm deep inclusion PnC even exhibits a lower attenuation than 
the substrate since the dispersion is significantly below the horizontal shear line. At q = 0.5, the 
attenuations are progressively larger with increasing inclusion depth given the attenuation behavior is 
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dictated for this larger wavelength by surface roughness arising from larger scattering cross-sections 
with the 3 µm geometry now having an attenuation over an order of magnitude larger than the 
substrate. In the interval 0.5 < q < 1, the attenuation of the first SAW branch for 3 µm deep inclusions 
has a dramatic variation in the attenuation of almost five orders of magnitude resulting from crossing 
the horizontal shear bulk line and thus traversing the supersonic to subsonic barrier. The small 
fluctuations of the strain energy ratio and attenuation ratio at intermediate q occur due to mode 
crossings with horizontal shear horizontally polarized bulk-like waves that only weakly interact with the 
sagittal polarized SAWs. The 315.55 MHz mode at q = 1 is pictured in Figure 3 (a) showing the modal 
profile of a Rayleigh wave. 
At the Brillouin zone boundary for the 2 μm deep inclusions in Figure 1 (a & b), the next higher 
frequency mode is at 318.94 MHz and is separated by a bandgap of about 3 MHz above the lowest 
mode. The modal displacement profile is seen in Figure 3 (b) and is seen to be a quarter-wavelength out 
of phase with the mode at 315.55 MHz seen in Figure 3 (a) and thus confirming that these two modes at 
the zone boundary define the Rayleigh mode bandgap. This bandgap is relatively small compared to the 
band edge frequencies. Generally, this can be expected for non-hybrid, zone boundary bandgaps [14], 
and to a lesser extent due to the a solid matrix with less dense solid inclusions [44], and similar results 
have been observed for SAWs in PnCs with both deep but low elastic contrast [25] and shallow 
inclusions with high elastic contrast void inclusions [28]. The dispersion shows negative group velocity 
down to a reduced wavevector of about 0.83, a threshold at which the modes of smaller wavevector are 
seen to have a hybridized behavior illustrated in Figure 3 (g). The modes at q < 0.83 take on a more 
Sezawa mode profile with lower q, rather than a Rayleigh wave mode profile seen at the zone boundary, 
as indicated by the reversing of the direction of surface motion [45].  At the same time, the dispersion 
also becomes more bulk-like and follows the shear vertical bulk line as has been previously shown [46] 
[38]. The hybridized Rayleigh-Sezawa behavior of the dispersion for the zone folded Rayleigh that is 
located at 318.94 MHz at the zone boundary is similar to the behavior seen in [3], where the zone folded 
Rayleigh wave hybridization with the Sezawa wave forms a maximum far from the Brillouin zone 
boundary. Figure 2 (c - d) provides a direct plot of the attenuation and surface boundedness for the 
second mode and demonstrate that each of the Rayleigh modes in a PnC are highly coupled to modes 
associated with the shear vertical line, since the attenuation increases and surface boundedness 
decreases close to or above the shear vertical line. In the substrate control, these horizontal shear and 
vertical shear bulk waves artificially interact with the SAW due to the domain folding effect and 
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contribute to the small variations in attenuation and strain energy ratio, which allows for a glimpse of a 
minute bulk mode interaction behavior in the limit of a zero elastic contrast for this FEM simulation. 
Although the attenuation is low, this deep Sezawa wave does not confer additional attenuation lowering 
properties in this PnC with 2 μm deep inclusions possibly due to the already low attenuation of the 
folded Rayleigh wave, and hence a negligible bulk radiation source contribution to balance with the 
Sezawa wave bulk wave radiation. The Sezawa wave contribution is seen to become very bulk-like for q 
< 0.83 and is seen in Figure 3 (g) for q = 0.83 (compare to the mode profile of q = 0.82 in Appendix Figure 
1 (c) to see more pronounced Sezawa wave behavior). The bulk-like behavior is characteristic of higher 
order Rayleigh waves like Sezawa waves as these wave dispersions asymptotically approach the bulk 
shear line [47]. Thus, in this current system, the Sezawa wave bulk radiation component is not balanced 
by the Rayleigh wave bulk radiation component and hence, this particular hybridized SAW does not 
produce a BIC. The Rayleigh mode does exist past the shear vertical line but is seen to be attenuated in 
Figure 1 (a & b), which is verified by the bulk wave radiation seen in the mode profiles of Figure 3 (f). 
These two modes are on discontinuous segments of the folded Rayleigh wave and constitute two 
dispersion segments of an avoided crossing. The sagittally polarized surface/bulk-like modes whose 
dispersions would intersect the Rayleigh dispersion results in the hybridization and the avoided crossing. 
There are two additional avoided crossing hybridizations at lower wavevectors including one at q = 0.8, 
and another close to q = 0.5 that is not entirely visible due to below-threshold strain energy ratio values 
for those particular modes. There is also a crossing with a modified dispersion in the neighborhood of 
the intersection with a deep sagittal mode near q = 0.76. The crossing and anti-crossing behavior is a 
feature of the extent of damping due to the coupling with these sagittal polarized waves [48]. Overall, 
the folded Rayleigh wave above the shear vertical line has a dispersion that is curved with a mostly 
positive group velocity. This is caused by a shallower penetration depth, which in turn situates the SAW 
even more in the slower surface layer containing the voids, causing a progressively lowered phase 
velocity at lower q for the folded Rayleigh mode. The attenuation constant dramatically increases for the 
dispersion curves above the shear vertical sound line but the SAW behavior is better characterized here 
with the strain energy ratio that has more scale contrast. The energy ratio shows a well surface bounded 
wave near the dispersion maximum for q = 0.7 to 0.8. Thus, there may be viable BICs possible for in such 
branches above the vertical shear line with optimized PnC designs. 
The third dispersion branch of the PnC with 2 μm deep inclusions appears as an unfolded Sezawa mode 
branch. Its mode profile at the zone boundary with real frequency 406.02 MHz is seen in Figure 3 (c) and 
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shows a large amplitude component deep into the substrate. This third branch runs parallel with the 
Sezawa mode of the second branch at low reduced wavevectors, with both dispersions following the 
shear vertical bulk line; this indicates both SAWs have strong coupling with the shear vertical bulk 
modes. Although both Sezawa waves are coupled to the shear vertical modes, the two PSAW 
dispersions remain slightly separate. Below a reduced wavevector of 0.98, the Sezawa wave is no longer 
well confined to the surface; it is plotted partially at lower wavevectors according to the strain energy 
threshold of 0.6 to exhibit the degeneracy with a shear vertical bulk wave. The unconstrained modes 
with large penetration depths has also been seen elsewhere, including [20]. This is an indicator that the 
shear vertical bulk-like waves readily hybridize with these SAWs and consequently increase the 
penetration depth of the PSAWs. 
Just above the third dispersion unfolded Sezawa branch the zone boundary (406.02 MHz) is a fourth 
dispersion branch with a single mode that is immediately below the shear vertical line in Figure 1 (a & 
b). It is a mode from the folded dispersion of the third dispersion branch of the Sezawa wave. This 
dispersion branch consists of many small segments in proximity to the folded shear vertical line and 
behaves like a cascade of dispersion plateaus. This behavior is due to multiple Lamb waves of sagittal 
polarization due to the computational domain interacting with the folded Sezawa mode and the shear 
vertical bulk modes (not shown). These sagittal waves are shear vertical bulk waves and Lamb waves of 
the effective thin surface layer due to the PnC. Thus, this dispersion branch indicates PSAW dispersions 
that are close to bulk wave dispersions can be highly modified by the modal interactions and segmented 
with very little continuity. The exact behavior of computational domain Lamb modes is highly dependent 
on the domain depth, and hence, the folded Sezawa dispersion is affected by the computational 
domain—specifically, the finite depth of the substrate. 
The fifth dispersion branch frequency for the PnC with 2 μm inclusions is also plotted in Figure 1 (a & b) 
along with the mode displacement profiles for q = 0.71, 0.85, and 1 in Figure 3 (e) (h) and (d), 
respectively. The fifth dispersion branch is separated into five separate dispersion segments due to the 
hybridization with shear vertical bulk-like modes and also the folded third branch. Overall, the fifth 
branch appears to have a flat dispersion of a PSAW wave mode associated with a local surface 
resonance [33] and the PSAW resemblance is verified by the modal profiles of the uz sagittal component 
(Figure 3). Above q > 0.75, the PSAW has more similar modal profiles to typical Rayleigh waves. The 
branch has discontinuous segments due to hybridizations with the folded shear vertical mode (shown) 
and Lamb modes (not shown) that are deep and typically lossy. Away from these shear modes, the 
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behavior at lower wavevectors (q < 0.73) exhibit different PSAW properties. Between the folded shear 
vertical line and unfolded longitudinal line, the attenuation has a minimum at reduced wave vectors 
near 0.71, for which the modal displacement profiles is presented in Figure 3 (e) and shows a deep 
longitudinal (ux) behavior. In comparison, at a reduced wavevector of 0.85 on this same dispersion 
segment (Figure 3 (h)), the mode structure is considerably more Rayleigh wave-like in behavior. At lower 
wavevectors, the fifth dispersion branch degenerates to a longitudinal bulk-like wave, of which a 
segment is plotted. 
To further characterize this interesting dispersion segment of the fifth branch between the longitudinal 
and shear vertical modes, the reciprocal attenuation and strain energy ratio are included in Figure 2 (e). 
At larger q, past the attenuation minimum near q = 0.71, this dispersion segment is closer to the folded 
shear vertical bulk wave line and has a general trend towards larger attenuation and lower surface 
boundedness (Appendix Figure 1 (a) shows a more bulk longitudinal wave at q = 0.68 to compare). 
Within this trend of higher attenuation with larger wavevector, there is also the folded Sezawa mode 
situated in a hybridized complex with a bulk shear vertical mode along this approach towards larger q. 
This results in a peak of lowered attenuation and higher strain energy ratio. This may be indicative that 
the radiation of bulk waves from the reversed direction of the folded Sezawa destructively interferes 
with the radiation of bulk waves from the forward travelling Rayleigh wave. This is similar to the 
lowering of attenuation mechanism as reported in other studies [3], [14]. Interestingly, the strain energy 
ratio peak near q = 0.85 occurs at slightly lower q than the reciprocal attenuation peak; hence, a 
particular balance of hybrid contributions from a deep Sezawa wave and vertical shear hybrid wave with 
the more superficial SAW achieves a lower attenuation with a larger contribution from the deep Sezawa 
and vertical shear hybrid wave. The hybrid mode is pictured in Figure 3 (h) for q = 0.85 (Appendix Figure 
1 (b) has a non-hybrid mode profile at q = 0.80 to compare on the same branch and Appendix Figure 1 
(d) has a more Sezawa mode profile at q = 0.86 on the same branch). Based on the reciprocal 
attenuation peak and surface boundedness, this Sezawa and Rayleigh hybrid exhibits BIC behavior. The 
attenuation lowering for the SAW near the bulk longitudinal wave line at reduced wavevector of 0.71 is 
explained [49] in that the wave at that point can be described as a high frequency surface longitudinal 
wave. This SAW mode therefore has a deeper longitudinal component and is located between the shear 
and longitudinal bulk sound lines [50], as is the case in the neighborhood of the low attenuation point 
through hybridization similar to [14], where SAW hybridization lowers attenuation, albeit through 
Rayleigh-Sezawa wave hybridization in that case. This particular mode is described as a SAW that is 
composed of a Rayleigh wave hybridized with a bulk longitudinal resonance [12]. Thus, for the current 
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system, it is corroborated that a single material, in this case GaAs with a two-dimensional PnC surface, 
can produce non-symmetry protected BICs without a two-material uniformly or a periodically patterned 
thin film that is consists of a separate material [15], [51].  
In addition to the aforementioned modes, the two bandstructures for a PnC with 2.5 µm and 3 µm deep 
inclusions in Figure 1 (c – f) show an additional PSAW mode below the shear vertical bulk wave 
dispersion. This is expected and explained as a Lamb wave associated with the surface perturbation of 
the thin film [52]; a Lamb wave of higher order than the Sezawa wave associated with the thicker 
effective slow surface layer. The flat dispersion of fifth branch containing the longitudinal resonance 
SAW is also seen following the longitudinal bulk line but lacking the hybridization with the shear vertical 
bulk-like modes at larger reduced wavevectors near the folded shear vertical bulk line. The low 
attenuation interval does not extend as far as in the 2 µm deep inclusion case due to this lack of 
additional hybridization with the Sezawa and shear vertical bulk-like mode hybridization. This lack of an 
extended low attenuation interval for this mode indicates that the additional hybridization from the 
shear vertical bulk like with the Sezawa mode is providing destructive interference for the bulk radiation 
from the longitudinal resonance for the 2 µm deep inclusion PnC, in a manner similar to previous work 
[14]. The folded Sezawa dispersion is largely lost in the 2.5 µm deep inclusion case, but is more robust 
with lower attenuation in the 3 µm case due to more favorable hybridization for SAW behavior with 
Lamb modes. The hybrid mode BIC does appear to occur with the flat dispersion Rayleigh and the folded 
Sezawa in each of these cases. 
The sound line concept [53] for surface guided modes in PnC structures may be extended to account for 
PSAW dispersion situated BICs with low attenuation between longitudinal and shear bulk phase 
velocities, instead of only subsonic SAWs. The low attenuation may be acceptable for certain PSAW-PnC 
device designs and also allow more design options for systems where subsonic SAWs are usually of 
primary importance. The BIC concept in elasticity by Maznev and Every [14] [15] is supported and 
extended with findings in this present work for two-dimensional surface PnCs. The existence of low 
attenuation longitudinal resonance modes and Rayleigh-Sezawa hybrid SAWs in a GaAs PnC structure 
exemplifies that BICs in such a system are a possibility. Through a surface topographic pattern on GaAs, 
the semiconductor can permit the manifestation of such features as the non-symmetrically protected 
longitudinal resonance, and the Rayleigh-Sezawa wave hybrid but also effectively slow surface subsonic 
Rayleigh waves in a crystal direction that is otherwise supersonic without local PnC defects. 
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Figure 1 (a & b): The band structure in the ΓX-direction of the PnC oriented along the [110] crystalline 
direction of (001) GaAs for 2 µm deep cylindrical inclusions. The bandstructure is shown with color-
coded markers of (a) logarithm of reciprocal attenuation and (b) strain energy ratio. The Rayleigh wave 
(R) and the three bulk waves, shear horizontal (s. h.), shear vertical (s. v.), and longitudinal (l.), are 
shown as zone folded lines. 
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Figure 1 (c & d): The band structure in the ΓX direction of the PnC oriented along the [110] crystalline 
direction of (001) GaAs for 2.5 µm deep cylindrical inclusions. The bandstructure is shown with color-
coded markers of (a) logarithm of reciprocal attenuation and (b) strain energy ratio. The Rayleigh wave 
(R) and the three bulk waves, shear horizontal (s. h.), shear vertical (s. v.), and longitudinal (l.), are 
shown as zone folded lines. 
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Figure 1 (e & f): The band structure in the ΓX direction of the PnC oriented along the [110] crystalline 
direction of (001) GaAs for 3 µm deep cylindrical inclusions. The bandstructure is shown with color-
coded markers of (a) logarithm of reciprocal attenuation and (b) strain energy ratio. The Rayleigh wave 
(R) and the three bulk waves, shear horizontal (s. h.), shear vertical (s. v.), and longitudinal (l.), are 
shown as zone folded lines. 
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Figure 2 (a & b): The substrate, and perturbed, 2, 2.5 and 3 µm deep inclusion PnC, unfolded Rayleigh 
wave (a) logarithmic reciprocal attenuation and (b) strain energy ratio compared to the ordinary 
Rayleigh wave contained in the first Brillouin zone. The key is presented in (b). The dispersion is seen in 
Figure 1 (a & b) as the lowest frequency dispersion curve with the modal frequency of 315.55 MHz at 
the zone boundary. 
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Figure 2 (c & d): The substrate, and perturbed, 2, 2.5 and 3 µm deep inclusion PnC, zone folded ordinary 
Rayleigh wave logarithmic reciprocal attenuation and strain energy ratio, plotted versus reduced 
wavevector. The attenuation is presented on the left side y-axis as logarithmic reciprocal attenuation 
and the right side y-axis as strain energy ratio with corresponding colors to the curves. The dispersion is 
seen in Figure 1 (a & b) as the second lowest frequency dispersion curve and is only the segment 
containing the mode frequency of 318.94 MHz at the zone boundary, and is below the shear vertical (s. 
v.) bulk line, but above the unfolded shear horizontal (s. h.) bulk line. 
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Figure 2 (e): The 2 µm deep inclusion PnC longitudinal resonance SAW (fifth branch) logarithmic 
reciprocal attenuation and strain energy ratio. The attenuation is presented on the left side y-axis as 
logarithmic reciprocal attenuation and the right side y-axis as strain energy ratio with corresponding 
colors to the respective curves. The dispersion is seen in Figure 1 (a & b) as the dispersion curve adjacent 
to the bulk longitudinal dispersion line. 
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Figure 3 (a - d): The 2 µm deep inclusion PnC displacement field components (real parts) and its 
magnitude for modes at the X point, the zone boundary with q = 1, at real frequencies (a) 315.55 MHz, 
(b) 318.94 MHz, (c) 406.02 MHz, and (d) 471.09 MHz.  
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Figure 3 (e - h): The displacement field components (real parts) and its magnitude for modes at (e) q = 
0.71; real frequency 457.38 MHz, (f) q = 0.75; real frequency 340.7 MHz, (g) q = 0.83; real frequency 
338.51 MHz, and (h) q = 0.85; real frequency 469.85 MHz. 
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Conclusion 
We have performed a thorough mapping of surface acoustic modes for waves propagating along the ΓX-
direction of a two-dimensional square lattice of voids on a GaAs surface via FEM simulation.  The 
presence of the PnC significantly increases the ability of surface and bulk modes to hybridize with the 
result often being a scattering of strain energy into bulk modes.  We have characterized SAW modes 
using both a strain energy ratio that dictates the energy near the surface as well as through an 
attenuation parameter resulting from an absorbing boundary condition on the simulation domain’s 
semi-infinite truncation boundary at a surface depth of 50 µm.  Through this analysis, SAW modes and 
instances of BIC behavior for shallow-inclusion, two-dimensional PnCs revealed interesting attenuation 
properties as was predicted generally for supported thin-films and may be useful in applications 
requiring low bulk wave losses or Brekhovskikh attenuation such as guided wave devices. This is 
particularly important for SAWs propagating in the [110] direction including Rayleigh waves that are 
intrinsically supersonic. 
Acknowledgements 
The authors would like to gratefully acknowledge the following: the open source GNU Octave (V4) 
project, whose software was used to generate two-dimensional plots in this work [54]; CMC 
Microsystems for the provision of products and services that facilitated this research, including Design 
Tools and computational resources and support; Computations were also performed on resources and 
with support provided by the Centre for Advanced Computing (CAC) at Queen's University in Kingston, 
Ontario. The CAC is funded by: the Canada Foundation for Innovation, the Government of Ontario, and 
Queen's University; Natural Science and Engineering Research Council of Canada for supporting this 
work under Discovery Grant RGPIN/05701-2014. 
References 
 
[1]  T.-T. Wu, J.-C. Hsu, J.-H. Sun and S. Benchabane, "Surface Acoustic Waves in Phononic Crystals," in 
Phononic Crystals, A. Khelif and A. Adibi, Eds., New York, Springer Science+Business Media, 2016, 
pp. 145-189. 
[2]  S. Mohammadi and A. Adibi, "Phononic Crystal Membranes (Slabs or Plates)," in Phononic Crystals, 
New York, Springer Science+Business Media, 2016, pp. 109-143. 
[3]  A. A. Maznev, "Band gaps and Brekhovskikh attenuation of laser-generated surface acoustic waves 
in a patterned thin film structure on silicon," Physical Review B, vol. 78, p. 155323, 2008.  
21 
 
[4]  A. Briggs, Acoustic Microscopy, New York: Oxford University Press, 1992.  
[5]  R. T. Webster and P. H. Carr, "Rayleigh Waves on Gallium Arsenide," in Rayleigh-Wave Theory and 
Application: Proceedings of an International Symposium Organised by The Rank Prize Funds at The 
Royal Institution, London 15-17 July, 1985, Berlin, Springer-Verlag, 1985, pp. 122-130. 
[6]  T. C. Lim and G. W. Farnell, "Search for Forbidden Directions of Elastic Surface-Wave Propagation 
in Anisotropic Crystals," Journal of Applied Physics, vol. 39, no. 9, pp. 4319-4325, 1968.  
[7]  B. A. Auld, Acoustic Fields and Waves in Solids, Volume I, New York: John Wiley and Sons, Inc., 
1973.  
[8]  S. V. Biryukov, Y. V. Gulyaev, V. V. Krylov and V. P. Plessky, "4 Scattering of Surface Waves by Local 
Irregularities," in Surface Acoustic Waves in Inhomogeneous Media, Berlin Heidelberg, Springer-
Verlag, 1995, pp. 72-104. 
[9]  N. E. Glass and A. A. Maradudin, "Leaky Surface-Elastic-Waves on flat and highly corrugated 
surfaces for isotropic non-dissipative media," Journal of Electron Spectroscopy and Related 
Phenomena, vol. 30, pp. 151-156, 1983.  
[10]  N. E. Glass and A. A. Maradudin, "Leaky surface-elastic waves on both flat and strongly corrugated 
surfaces for isotropic, nondissipative media," Journal of Applied Physics, vol. 54, no. 2, pp. 796-805, 
1983.  
[11]  E. Danicki and W. D. Hunt, "ON SPURIOUS BULK WAVE EXCITATION IN SAW GRATING REFLECTIONS 
ON GaAs (001) (110)," Archives of Acoustics, vol. 20, no. 2, pp. 171-175, 1995.  
[12]  L. Dhar and J. A. Rogers, "High frequency one-dimensional phononic crystal characterized with a 
picosecond transient grating photoacoustic technique," Applied Physics Letters, vol. 77, no. 9, pp. 
1402-1404, 2000.  
[13]  G. A. Every and A. A. Maznev, "Elastic waves at periodically-structured surfaces and interfaces of 
solids," AIP Advances, vol. 4, pp. 1-10, 2014.  
[14]  A. A. Maznev and A. G. Every, "Surface acoustic waves in a periodically patterned layered 
structure," Journal of Applied Physics, vol. 106, no. 11, p. 113531, 2009.  
[15]  A. A. Maznev and A. G. Every, "Bound acoustic modes in the radiation continuum in isotropic 
layered systems without periodic structures," Physical Review B, vol. 97, p. 014108, 2018.  
[16]  D. Trzupek and P. Zieliński, "Isolated True Surface Wave in a Radiative Band on a Surface of a 
Stressed Auxetic," Physical Review Letters, vol. 103, no. 7, p. 075504, 2009.  
[17]  C. Croënne, E. J. S. Lee, H. Hu and J. H. Page, "Band gaps in phononic crystals: Generation 
mechanisms and interaction effects," AIP Advances, vol. 1, no. 4, p. 041401, 2011.  
22 
 
[18]  A. N. Darinskii, M. Weihnacht and H. Schmidt, "Mutual conversion of bulk and surface acoustic 
waves in gratings of finite length on half-infinite substrates. I. FE analysis of surface wave 
generation," Ultrasonics, vol. 53, pp. 998-1003, 2013.  
[19]  A. N. Darinskii, M. Weihnacht and H. Schmidt, "Mutual conversion of bulk and surface acoustic 
waves in gratings of finite length on half-infinite substrates. II. FE analysis of bulk wave 
generation," Ultrasonics, vol. 53, pp. 1004-1011, 2013.  
[20]  B. Graczykowski, F. Alzina, J. Gomis-Bresco and C. M. Sotomayor Torres, "Finite element analysis of 
true and pseudo surface acoustic waves in one-dimensional phononic crystals," Journal of Applied 
Physics, vol. 119, no. 2, p. 025308, 2016.  
[21]  R. C. Williamson and H. I. Smith, "The Use of Surface-Elastic-Wave Reflection Gratings in Large 
Time-Bandwidth Pulse-Compression Filters," IEEE TRANSACTIONS ON MICROWAVE THEORY AND 
TECHNIQUES, Vols. MTT-21, no. 4, pp. 195-205, 1973.  
[22]  L. P. Solie, "Surface acoustic wave reflective dot array (RDA)," Applied Physics Letters, vol. 28, no. 
8, pp. 420-422, 1976.  
[23]  A. Dukata and J. Kapelewski, "SCATTERING OF ELASTIC SURFACE WAVES ON A LOCALIZED 
MECHANICAL LOAD OF THE SURFACE," Archives of Acoustics, vol. 15, no. 3-4, pp. 257-269, 1990.  
[24]  E. G. S. Paige, "Rayleigh Waves and Reflective Periodic Structures," in Rayleigh-Wave Theory and 
Applications, Berlin, Springer-Verlag, 1985, pp. 85-101. 
[25]  Y. Tanaka and S.-i. Tamura, "Surface acoustic waves in two-dimensional periodic elastic 
structures," Physical Review B, vol. 58, no. 12, pp. 7958-7965, 1998.  
[26]  B. Bonello, C. Charles and F. Ganot, "Velocity of a SAW propagating in a 2D phononic crystal," 
Ultrasonics, vol. 44, pp. e1259-e1263, 2006.  
[27]  F. Meseguer, M. Holgado, D. Caballero, N. Benaches, C. López, J. Sánchez-Dehesa and J. Llinares, 
"Two-Dimensional Elastic Bandgap Crystal to Attenuate Surface Waves," Journal of Lightwave 
Technology, vol. 17, no. 11, pp. 2196-2201, 1999.  
[28]  J.-H. Sun, J.-H. Jhou and Y.-H. Yu, "Surface Acoustic Waves in Finite-Depth Air/Silicon Phononic 
Crystals," in IEEE International Ultrasonics Symposium Proceedings, Chicago, 2014.  
[29]  J.-H. Sun and J.-H. Jhou, "Surface Acoustic Wave Resonator Using Layered Phononic Crystals," in 
2014 IEEE International Frequency Control Symposium (FCS), Taipei, 2014.  
[30]  J. A. Petrus, R. Mathew and J. A. H. Stotz, "A GaAs Phononic Crystal With Shallow Noncylindrical 
Holes," IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 61, no. 2, pp. 
364-368, 2014.  
[31]  E. Muzar, G. Azodi Aval and J. A. H. Stotz, "Wet-etched phononic crystal waveguiding on GaAs," 
Journal of Physics D: Applied Physics, vol. 51, no. 4, p. 044001, 2018.  
23 
 
[32]  L. X. Hu, L. P. Liu and K. Bhattacharya, "Existence of Surface Waves and Band Gaps in Periodic 
Heterogeneous Half-spaces," Journal of Elasticity, vol. 107, pp. 65-79, 2012.  
[33]  I. Malfanti, A. Taschin, P. Bartolini, B. Bonello and R. Torre, "Propagation of acoustic surface waves 
on a phononic surface investigated by transient reflecting grating spectroscopy," Journal of the 
Mechanics and Physics of Solids, vol. 59, pp. 2370-2381, 2011.  
[34]  D. Nardi, F. Banfi, C. Giannetti, B. Revaz, G. Ferrini and F. Parmigiani, "Pseudosurface acoustic 
waves in hypersonic surface phononic crystals," Physical Review B, vol. 80, p. 104119, 2009.  
[35]  T.-W. Liu, Y.-C. Tsai, Y.-C. Lin, T. Ono, S. Tanaka and T.-T. Wu, "Design and fabrication of a 
phononic-crystal-based Love wave resonator in GHz range," AIP Advances, vol. 4, no. 12, p. 
124201, 2014.  
[36]  V. Laude, Phononic Crystals: Artificial Crystals for Sonic, Acoustic and Elastic Waves, Berlin: Walter 
de Gruyter GmbH, 2015.  
[37]  L. Largeau, I. Camara, J.-Y. Duquesne, C. Gourdon, P. Rovillain, L. Thevenard and B. Croset, 
"Laboratory X-ray characterization of a surface acoustic wave on GaAs: the critical role of 
instrumental convolution," J. Appl. Cryst., vol. 49, pp. 2073-2081, 2016.  
[38]  G. W. Farnell and E. L. Adler, "2. Elastic Wave Propagation in Thin Layers," in Physical Acoustics, 
vol. IX, W. P. Mason, Ed., New York, Academic Press, 1972, pp. 35-127. 
[39]  M. F. Lewis, "On Rayleigh Waves and Related Propagating Acoustic Waves," in Rayleigh Wave 
Theory and Applications, E. A. Ash and E. G. S. Paige, Eds., Berlin, Springer-Verlag, 1985, pp. 37-58. 
[40]  M. Hofer, N. Finger, G. Kovacs, J. Schoberl, S. Zaglmayr, U. Langer and R. Lerch, "Finite-Element 
Simulation of Wave Propagation in Periodic Piezoelectric SAW Structures," IEEE TRANSACTIONS ON 
ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, vol. 53, no. 6, pp. 1192-1201, 2006.  
[41]  N. Elabbassi, "Phononic Band-Gap Structure Eigenfrequency Analysis," 3 February 2018. [Online]. 
Available: https://www.comsol.com/community/exchange/432/. 
[42]  M. Oudich and M. Badreddine Assouar, "Surface acoustic wave band gaps in a diamond-based 
two-dimensional locally resonant phononic crystal for high frequency applications," Journal of 
Applied Physics, vol. 111, p. 014504, 2012.  
[43]  M. Hofer, N. Finger, G. Kovacs, J. Schoberl, U. Langer and R. Lerch, "Finite Element Simulation of 
Bulk- and Surface Acoustic Wave (SAW) Interaction in SAW Devices," in 2002 IEEE Ultrasonics 
Symposium, Munich, 2002.  
[44]  N. Aravantinos-Zafiris, M. M. Sigalas, M. Kafesaki and E. N. Economou, "Phononic crystals and 
elastodynamics: Some relevant points," AIP Advances, vol. 4, p. 124203, 2014.  
24 
 
[45]  K. Sezawa and K. Kanai, "Dispersive Rayleigh-waves of Positive or Negative Orbital Motion, and 
Allied Problems," Bulletin of the Earthquake Research Institute, Tokyo Imperial University, vol. 18, 
no. 1, pp. 1-10, 1940.  
[46]  K. Sezawa and K. Kanai, "Discontinuity in the Dispersion Curves of Rayleigh Waves.," Bulletin of the 
Earthquake Research Institute, Tokyo Imperial University, vol. 13, no. 2, pp. 237-244, 1935.  
[47]  G. W. Farnell, "Types and Properties of Surface Waves," in Acoustic Surface Waves, Berlin, 
Springer-Verlag, 1978, pp. 13-60. 
[48]  A. A. Maznev, "Bifurcation of avoided crossing at an exceptional point in the dispersion of sound 
and light in locally resonant media," J. Appl. Phys., vol. 123, p. 091715, 2018.  
[49]  B. Hillebrands, S. Lee, G. I. Stegeman, H. Cheng, J. E. Potts and F. Nizzoli, "Evidence for the 
Existence of Guided Longitudinal Acoustic Phonons in ZnSe Films on GaAs," Physical Review 
Letters, vol. 60, no. 9, pp. 832-836, 1988.  
[50]  R. E. Camley and F. Nizzoli, "Longitudinal resonance in surface acoustic phonons," J. Phys. C: Solid 
State Phys., vol. 18, pp. 4795-4804, 1985.  
[51]  G. I. Stegeman, "Normal-mode surface waves in the pseudo-branch on the (001) plane of gallium 
arsenide," J. Appl. Phys., vol. 47, no. 4, pp. 1712-1713, 1976.  
[52]  V. Bortolani, F. Nizzoli, G. Santoro and J. R. Sandercock, "Strong interference effects in surface 
Brillouin scattering from a supported transparent film," Physical Review B, vol. 25, no. 5, pp. 3442-
3445, 1982.  
[53]  A. Khelif, Y. Achaoui, S. Benchabane, V. Laude and B. Aoubiza, "Locally resonant surface acoustic 
wave band gaps in a two-dimensional phononic crystal of pillars on a surface," Physical Review B, 
vol. 81, no. 21, p. 214303, 2010.  
[54]  J. W. Eaton, D. Bateman, S. Hauberg and R. Wehbring, "GNU Octave version 4.2.1 manual: a high-
level interactive language for numerical computations," 2017. [Online]. Available: 
https://www.gnu.org/software/octave/doc/v4.2.1/. [Accessed 19 April 2018]. 
 
Appendix 
Appendix Figure 1 contains modal displacement profiles of four modes associated with modes pictured 
in Figure 3. The modes are as follows: Appendix Figure 1 (a) is on the fifth dispersion and exemplifies the 
behavior of the modes following the longitudinal line; (b) is on fifth dispersion and is relatively lossy, far 
from hybridization effects; (c) is on the second dispersion showing a hybrid markedly more Sezawa wave 
motion; (d) is on the fifth dispersion and is an image of a hybrid mode with more Sezawa wave-like 
character. 
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Appendix Figure 1 (a – d): The 2 µm deep inclusion PnC displacement field components and its 
magnitude for modes at (a) q = 0.68; real frequency 444.09 MHz, (b) q = 0.80; real frequency 469.76 
MHz, (c) q = 0.82; real frequency 336.15 MHz, and (d) q = 0.86; real frequency 467.08 MHz. 
